Abstract-Leukocyte recruitment plays a pivotal role during inflammation after vascular injury. The importance of oxidative stress in vascular injury and its modulation by angiotensin II receptor blockers (olmesartan) have been demonstrated. We examined the contribution of leukocyte-associated oxidative stress in acute-phase leukocyte recruitment and its modulation by olmesartan. Male mice were treated with olmesartan (5 mg/kg per day) or vehicle for 7 days before the transluminal wire injury of the femoral artery. Intravital microscopy of the artery revealed that the mechanical injury increased adherent leukocytes at both 24 hours and 7 days after the injury, which was significantly reduced by olmesartan treatment. Dihydroethidium-associated fluorescence intensity observed in vehicle-treated mice was significantly diminished under olmesartan treatment. Apocynin, a nicotinamide-adenine dinucleotide phosphate oxidase inhibitor, showed a similar inhibitory effect on the leukocyte adhesion. Adoptive transfer of mononuclear cells, harvested from mice after wire injury, but not from those without wire injury, exhibited adhesion to the recipient injured artery. Furthermore, olmesartan treatment of mononuclear cells, but not of injured vasculature, reduced their recruitment to the injured artery. These data indicate that leukocyte recruitment to the mechanically injured artery is mediated by oxidative stress in leukocytes but not in vasculatures. Treatment with olmesartan blocked leukocyte recruitment by antagonizing mononuclear cells-associated oxidative stress. Key Words: angiotensin receptors Ⅲ imaging Ⅲ inflammation Ⅲ oxidant stress Ⅲ leukocytes V ascular injury, including an angioplasty of coronary artery, has been shown to induce oxidative stress through activation of the renin-angiotensin system. 1,2 Angiotensin (Ang) II is known to induce oxidative stress and leukocyte adhesion in the vascular wall, 3,4 whereas the local renin-angiotensin system in the vasculature plays an important role in the development of injury-induced inflammation. 5, 6 Recent studies suggest an efficacy of Ang II type 1 receptor blocker (ARB) in reducing intimal hyperplasia after mechanical injury in animal models. 7, 8 However, the role of ARB in the modulation of vascular inflammation at the early phase of the injury has not been fully investigated. The importance of Ang II and Ang II type 1 receptor in the development of atherosclerosis has been proposed on hypercholesterolemic mice. 9,10 The anti-inflammatory effect of ARB has been demonstrated in the microvasculature of the same mouse model. 11 Later, Petnehazy et al 12 reported that, in the atherosclerosis model, the leukocyte-associated but not vasculature-associated Ang II signal plays a dominant role in leukocyte recruitment in the microvasculature, indicating a previously unrecognized role of Ang II-dependent oxidative stress in leukocytes during atherosclerosis. In contrast, limited information is available regarding the role of leukocytes in their recruitment to the mechanically injured artery in vivo.
V ascular injury, including an angioplasty of coronary artery, has been shown to induce oxidative stress through activation of the renin-angiotensin system. 1,2 Angiotensin (Ang) II is known to induce oxidative stress and leukocyte adhesion in the vascular wall, 3, 4 whereas the local renin-angiotensin system in the vasculature plays an important role in the development of injury-induced inflammation. 5, 6 Recent studies suggest an efficacy of Ang II type 1 receptor blocker (ARB) in reducing intimal hyperplasia after mechanical injury in animal models. 7, 8 However, the role of ARB in the modulation of vascular inflammation at the early phase of the injury has not been fully investigated. The importance of Ang II and Ang II type 1 receptor in the development of atherosclerosis has been proposed on hypercholesterolemic mice. 9, 10 The anti-inflammatory effect of ARB has been demonstrated in the microvasculature of the same mouse model. 11 Later, Petnehazy et al 12 reported that, in the atherosclerosis model, the leukocyte-associated but not vasculature-associated Ang II signal plays a dominant role in leukocyte recruitment in the microvasculature, indicating a previously unrecognized role of Ang II-dependent oxidative stress in leukocytes during atherosclerosis. In contrast, limited information is available regarding the role of leukocytes in their recruitment to the mechanically injured artery in vivo.
Leukocyte recruitment to the site of inflamed vasculature, one of the critical mechanisms in the acute phase after injury, is a complex cascade of events in which various adhesion molecules and chemokines are involved. 13, 14 Recently, our group established a novel intravital microscopy (IVM) system to observe and analyze leukocyte adhesion in the mechanically injured femoral artery in the mouse. 15 Using this novel experimental system, we were able to discover a biphasic temporal pattern of leukocyte recruitment after injury and to investigate in detail the early phase of atherosclerosis-prone vascular injury. 15 In the present study, we examined the potential contribution of oxidative stress and its modulation by olmesartan, an ARB, in leukocyte recruitment to the mechanically injured femoral artery, as well as adoptive transfer of peripheral mononuclear cells (MNCs) and polymorphonuclear cells (PMNs) from olmesartantreated mice into control mice or vice versa to examine the role of specific cell populations that contribute to ARB-sensitive leukocyte adhesion.
Materials and Methods
The Methods section detailing the techniques and procedures mentioned is available in an online supplement at http://hyper.ahajournals.org.
Results

Physiological Parameters
Systolic blood pressure, heart rate, and leukocyte count (white blood cell count) during the experiment are presented in supplemental Figure S1 . These parameters did not change during the drug treatment (olmesartan, 5 mg/kg per day; apocynin, 10 mg/kg per day) and wire injury of the femoral artery.
Effect of Olmesartan in Leukocyte Recruitment After Injury
Representative snapshots ( Figure 1A) Figure 1B) . The rolling velocity of leukocytes, an important parameter for rolling interaction, significantly increased in the olmesartan treatment group as compared with the control group ( Figure  1C ), although the rolling influx was not significantly changed between these 2 groups (data not shown). Olmesartan inhibited the intimal hyperplasia of the murine femoral artery at 28 days after mechanical injury ( Figure S6 ), as reported previously. 8 
Role of Oxidative Stress in Leukocyte Recruitment After Vascular Injury
Because oxidative stress has been shown to play a pivotal role in vascular injury, we estimated its level by infusing dihydroethidium (DHE), a fluorescence probe used to detect an oxidative stress. As shown in Figures 2A and 2B , vascular injury significantly increased DHE-sensitive oxidative stress, which was blunted by olmesartan treatment at 24 hours, as well as 7 days after injury. To confirm the contribution of a reduction of oxidative stress in antiadhesive property of olmesartan, we examined the effect of apocynin, a free radical scavenger. As clearly shown in snapshot pictures ( Figure 3A ) and their quantifications ( Figure 3B ), the number of leukocytes adhered to the vascular wall was significantly lower in the apocynin-treated group (apcy) as compared with the group treated with vehicle at 24 hours (group treated with vehicle, 20 4 m 2 of vessel surface; nϭ6). Rolling velocity was also similarly increased to that in the olmesartan group ( Figure 3C ). As expected, apocynin inhibited injury-induced oxidative stress in vasculature both at 24 hours and 7 days after injury ( Figure 3D ). 
Olmesartan Treatment on Leukocytes, but Not of the Vasculature, Inhibits Leukocyte Recruitment to the Injured Femoral Artery
To determine whether olmesartan affects the leukocytes or the injured vascular tissues, we performed adoptive transfer of peripheral MNCs. First, MNCs from nontreated mice were harvested 24 hours after wire injury, labeled ex vivo with Rhodamine 6G, and administered intravenously into nontreated recipient mice with wire injury. As shown in Figure  4A , it led to significant leukocyte recruitment in the recipient femoral artery. In contrast, when MNCs, prepared from nontreated mice without wire injury, were infused into nontreated recipient mice with wire injury, MNC recruitment was significantly reduced even though the recipient artery was injured comparably ( Figure 4B ). This finding reveals a dominant role of MNCs, but not vasculature, in mediating MNC recruitment to the mechanically injured artery. Next, we examined a potential effect of olmesartan in MNCs and in the injured vasculature. When MNCs harvested from mice treated with olmesartan were infused into recipient mice, MNC recruitment in the recipient injured artery was significantly inhibited ( Figure 4C ). In contrast, when MNCs prepared from mice without olmesartan were injected into recipient mice with olmesartan, significant MNC recruitment was observed ( Figure 4D ). Quantitative analyses confirmed our findings ( Figure 4E ). Similar inhibitory effects for MNCs were also confirmed with apocynin ( Figure 4E ).
To check potential contribution of neutrophils (PMNs) in observed leukocyte adhesion after injury, we prepared PMNs from mice treated with or without olmesartan and transferred them to those without olmesartan treatment at 24 hours and 7 days after injury ( Figure 5 ) and compared them with the effects for MNCs. MNCs exhibited similar levels of adhesion to the injured vasculature at both 24 hours and 7 days after injury, which was significantly reduced when MNCs were prepared from those treated with olmesartan. In contrast, adhesion of PMN was prominent at 24 hours but not 7 days after injury. Olmesartan treatment significantly reduced PMN adhesion at 24 hours after injury ( Figure 5 ).
Oxidative Stress and Integrin Expression in Circulating Leukocytes
To detect the increase of oxidative stress in MNCs in the injured mice, we performed flow cytometry for DHE. As shown in Figure 6A , DHE-associated fluorescence intensity in MNCs was increased after mechanical injury and reduced after olmesartan treatment. Furthermore, we analyzed the expression levels of cell surface CD11b, a member of the integrin family of adhesion molecules. As shown in Figure  6B , the expression level of CD11b was increased after mechanical injury and reduced after olmesartan treatment. Apocynin-treated MNCs also exhibited reduction of DHE staining, as well as CD11b expression.
Discussion
This study demonstrates that ARB (olmesartan) inhibits leukocyte recruitment to the vascular injury via modulation of oxidative stress in leukocytes without affecting systemic physiological parameters. Although olmesartan has been demonstrated to reduce intimal hyperplasia at 14 or 28 days after injury, 7 its effect in the early phase after injury has not been examined. As we demonstrated recently, the mechanical vascular injury induces leukocyte adhesion at 4 hours, 24 hours, and 7 days after injury. 15 Olmesartan significantly reduced the number of adherent cells and increased rolling velocity at both 24 hours and 7 days after injury. Although Ang II is considered as one of the most potent inflammation mediators in vivo, its effect in leukocyte recruitment to the injured vasculature has not been demonstrated, except for relatively small venules or arterioles. 16 -18 In this article, however, we have been able to demonstrate that the blockade of an Ang II-dependent pathway by ARB has an antiadhesive effect in the mechanical injury of a mouse femoral artery. Our data suggest that an anti-inflammatory effect of ARB can be observed as early as 24 hours after injury. Previous reports described that olmesartan has the antioxidative property of inhibiting nicotinamide-adenine dinucleotide phosphate oxidase activity in the injured arteries of high-fat diet-treated apolipoprotein E knockout mice. 7,19 -22 In other reports, superoxide anion or reactive oxygen species have been reported to induce leukocyte and endothelial activation. [23] [24] [25] Therefore, we examined the potential contribution of oxidative stress in leukocyte recruitment observed in our injury model. In fact, apocynin, a nicotinamide-adenine dinucleotide phosphate oxidase inhibitor, reduced leukocyte recruitment at both 24 hours and 7 days after injury. Furthermore, olmesartan, as well as apocynin, has been shown to reduce oxidative stress formation judging from DHE fluorescence, which confirmed the importance of oxidative stress in the process. We further tried to define the specific cell populations responsible for the mechanical injury-induced leukocyte recruitment and its blockade by olmesartan. Despite its importance in the vascular wall, the oxidative stress in circulating MNCs had not been carefully studied until recent observation of the microvasculature of hypercholesterolemic mice, 12 in which the importance of the Ang II type 1 receptor on leukocytes was addressed for the first time. Indeed, although MNCs from injured mice exhibited significant adhesion to the recipient injured artery, MNCs taken from mice without wire injury failed to adhere to the injured artery ( Figures 4B and 4C) , suggesting a dominant role of MNCs in leukocyte recruitment to the femoral artery after injury. We also observed a significant adhesion of PMN at 24 hours but not 7 days after injury, suggesting a contribution of PMNs in the acute phase of injury, although their number is relatively small (Ϸ15% of peripheral leukocytes 26 ) in mice. The temporal pattern of adhesive interaction of PMNs was parallel to the reduction of oxidative stress at the vasculature ( Figure 5 ), suggesting their role as a source of oxidative stress at the acute phase of vascular injury. 27 Although our model demonstrated a pattern of leukocyte recruitment after vascular injury, there is a substantial difference between leukocyte recruitment observed in hypercholesterolemic mice where leukocytes interact with endothelial cells and that observed in mechanically injured mice where leukocytes interact with the denuded vascular wall. Nonetheless, our observations, in which circulating MNCs play an important role, represent a novel insight in the pathophysiology of vascular injury, such as percutaneous coronary intervention. Similarly, the antiadhesive effect of olmesartan was prominent in MNCs when compared with its effect on vascular cells. In fact, oxidative stress in MNCs was significantly elevated after wire injury and inhibited when olmesartan was administered ( Figure 6A) . Although the precise molecular mechanisms responsible for the generation of oxidative stress in MNCs were not known, the moderate upregulation of CD11b ( Figure 6B ) supported our adhesion data. As reported previously, oxidative stress has been shown to enhance CD11b expression in THP-1 cells treated with nonesterified fatty acids, primarily through the nicotinamide-adenine dinucleotide phosphate oxidasedependent pathway. 28 Because we observed cell adhesion after intimal denudation, we should examine other atherosclerosis models without luminal injury to monitor leukocyte adhesion to the vascular wall in the presence of an endothelial layer to understand leukocyte adhesion during the atherogenesis process.
Perspectives
We observed that olmesartan, an ARB, inhibits leukocyte recruitment as early as 24 hours after the mechanical injury of the femoral artery via the modulation of oxidative stress in MNCs. Our findings provide a novel insight to postulate a broader role for oxidative stress in mediating adhesive interaction to vascular injuries and a potential application of olmesartan as a treatment in the early phase of vascular injury to prevent inflammatory responses.
Online Figure Legend
Figure S1
Heart rate, Systolic blood pressure, and WBC counts of C57BL/6J mice during experiments.
Heart rate(HR) (A), Systolic blood pressure (SBP) (B), and the number of leukocytes (WBC) (C) at the time point where oral administration (-7), before wire injury (0), 24 hour after wire injury (+1) and 1 week after wire injury(+7). Values are the mean ± SEM of at least 10 (olmesartan and NC) or 6 (apocynin) mice at each group. 
